Background--Acrolein is a reactive aldehyde present in high amounts in coal, wood, paper, and tobacco smoke. It is also generated endogenously by lipid peroxidation and the oxidation of amino acids by myeloperoxidase. In animals, acrolein exposure is associated with the suppression of circulating progenitor cells and increases in thrombosis and atherogenesis. The purpose of this study was to determine whether acrolein exposure in humans is also associated with increased cardiovascular disease (CVD) risk.
well as gasoline and diesel exhaust contain high acrolein levels. 5 Because of its ubiquitous presence, acrolein is classified by the United States Environmental Protection Agency as a high-priority air and water toxin. 6 Acrolein is also present in beverages and foods including coffee, alcohol, cheese, and donuts; and it has been shown that heating and cooking of fats, oils, and sugars increases their acrolein content. 5 In addition, acrolein is generated endogenously by the degradation of polyamines or by myeloperoxidase 7 present in neutrophils. As a result, high levels of proteinacrolein adducts accumulate at sites of inflammation. 5 Moreover, along with other structurally related aldehydes, acrolein is a reactive end product of lipid peroxidation that readily forms covalent adducts with proteins. 8 Acroleinmodified proteins have been detected in oxidized low-density lipoprotein 6 and human atherosclerotic lesions, and the uptake of acrolein-modified low-density lipoprotein by the SR-A1 receptors is implicated in foam cell formation. 9 In atherosclerotic lesions, acrolein-adducted proteins co-localize with apoA-1, and adduction of apoA-1 by acrolein has been shown to impair reverse cholesterol transport. 10 Animal studies have shown that exposure to acrolein results in extensive cardiovascular injury. In rats, exposure to acrolein compromises mesenteric bed and aortic reactivity 11 and in mice, acrolein exposure leads to left ventricle dilation and dysfunction and dilated cardiomyopathy. 12 Acute acrolein consumption has also been shown to exacerbate myocardial ischemic injury 13 and to induce lipoprotein modification and systemic dyslipidemia, leading to an increase in plasma levels of low-density lipoprotein and triglycerides. 14 Chronic exposures to acrolein have also been shown to increase platelet activation and reduce bleeding time, 15 as well as destabilize atherosclerotic lesions 16 and accelerate atherogenesis in apoE-null mice. 17 In addition, we have recently reported that acrolein suppresses circulating levels of Flk + /Sca-1 + cells, indicating that acrolein exposure could impair vascular repair capacity. 18 Nevertheless, the cardiovascular toxicity of acrolein in humans has not been studied. The present study was designed to examine whether acrolein exposure is associated with increased CVD risk in humans. In a cohort of smoking and nonsmoking individuals, we found significant associations between acrolein exposure and indices of cardiovascular injury, suggesting that acrolein from both environmental and endogenous sources could contribute to CVD risk.
Methods
The study was approved by the Institutional Review Board at the University of Louisville, and all subjects gave written informed consent. Individuals (≥18 years of age) were enrolled in the Louisville Healthy Heart Study from October 2009 to March 2011 at the University of Louisville Hospital and affiliated Clinic System. Patients who met the enrollment criteria gave informed consent and were administered a brief questionnaire to provide demographic information and baseline characteristics. Medical records were reviewed for medication history. To reduce selection bias, all consecutive subjects who were eligible for this study were recruited.
Inclusion Criteria: Eligible individuals were (1) 18 years of age or older at the time of enrollment; and (2) patients of the University of Louisville Hospital and/or Clinic System.
Exclusion Criteria: Ineligible individuals were (1) persons unwilling or unable to provide informed consent; (2) subjects with significant and/or severe comorbidities including the following conditions: significant chronic lung, liver, kidney, hematological, or neoplastic disease; chronic neurological or psychiatric illness; chronic infectious disease such as HIV or hepatitis; severe coagulopathies; drug/substance abuse; and chronic cachexia; (3) pregnant women; and (4) prisoners and other vulnerable populations.
Circulating angiogenic cells 19 and hematopoietic cell populations in blood were characterized using a 7-color flow cytometry protocol with established markers: CD34, CD45, CD31, and AC133 as previously described. 20 The complete listing of circulating angiogenic cell populations identified is shown in Table 1 . Markers of thrombosis included in the study were platelet-leukocyte aggregates and fibrinogen. Platelet-leukocyte aggregates were identified by flow cytometry and quantified as events when found to be double positive for CD41 (platelets) and CD45 (leukocytes), and 20 Plasma fibrinogen was measured using the STA Fibrinogen Kit (Stago BNL), and high-sensitivity C-reactive protein was measured using the VITROS kit (VITROS Chemistry and Immunodiagnostic Products). Framingham Risk Scores (FRS) were derived using the National Heart, Lung, and Blood Institute calculator. 21 Urinary levels of the major acrolein metabolite 3-hydroxypropylmercapturic acid (3-HPMA) were measured by gas chromatography-mass spectrometry using 13 C-HMPA as an internal standard. 22 Urinary cotinine levels were measured by gas chromatography-mass spectrometry using D 3 -cotinine as an internal standard. 23 3-HPMA levels were normalized to urinary creatinine. 22 
Statistical Analysis
Statistical analyses were performed using IBM SPSS Statistics version 21.0 for Windows (Armonk, NY). Population demographics, CVD risk factors, high-sensitivity C-reactive protein (hsCRP), fibrinogen, and platelet-leukocyte aggregates were compared across tertiles representing low, medium, and high 3-HPMA levels using 1-way ANOVA and v 2 tests. These associations were also assessed using 3-HPMA as a continuous variable to determine whether adjustments were required for other potential demographic confounders in the final model. Demographic variables that were not normally distributed were transformed to their natural logarithms. Demographics were also assessed using 2 or 4 different levels of 3-HPMA, but tertiles were found to most clearly reflect the associations identified in continuous data analysis. To examine the relationship between 3-HPMA and smoking, independent sample t test was used to test for bivariate associations between self-reported smoking status and mean cotinine levels, as well as cotinine strata and mean 3-HPMA levels. Cotinine was divided into 2 strata representing low (cotinine <200 lg/g creatinine) and high (cotinine ≥200 lg/g creatinine) to define empirically based smoking levels. These values are commonly used in the insurance industry to distinguish nonsmokers from smokers. Subsequently, 3-HPMA levels were regressed against cotinine levels to assess the relationship between smoking and 3-HPMA.
Generalized linear modeling (GLM) techniques were used to examine whether the circulating angiogenic cell levels, hsCRP, platelet-leukocyte aggregates, fibrinogen, and the FRS variables were associated with 3-HPMA levels, after adjusting for ethnicity, self-reported smoking status, body mass index (BMI), hypertension, diabetes, diuretics, angiotensin-receptor blockers, and revascularization including coronary artery bypass graft (CABG)/percutaneous coronary intervention (PCI)/stents. The FRS variables were only adjusted for ethnicity, alcohol, and BMI (the remaining variables are reflected in the FRS). These variables were found to be potential confounders from the demographic analysis with 3-HPMA tertiles or 3-HPMA as a continuous variable. Circulating angiogenic cell levels were log transformed for normality and normalized to sample volume. Because the levels of these cells appeared to follow a gamma distribution, generalized linear modelings that assessed angiogenic cells as the dependent variable utilized the gamma probability distribution and the log link function. The binomial distribution was used for the dichotomized version of the FRS (described below) to describe CVD risk categories. All other generalized linear modelings utilized the normal probability distribution and the identity link function. Traditional model fit statistics (log-likelihood) were used to develop the most parsimonious model. In addition we tested whether higher order modeling (eg, exponential, cubic) improved model fit using traditional model-fit statistics ie, AIC (Akaike Information Criterion) and log likelihood. The final model included covariates that were significant at the 95% level and not highly correlated among themselves as determined by demographic comparison among 3-HPMA tertiles or the regression of the continuous 3-HPMA variable against demographic covariates.
To examine the relationship between 3-HPMA and CVD risk, 3-HPMA levels were regressed against individual FRS. The FRS was calculated only for individuals without clinically documented heart disease; however, to include those with existing heart disease, we divided the entire population into 2 CVD risk categories. The low CVD risk category includes individuals with an FRS <20, while the high CVD risk population includes those with an FRS ≥20 and those who had experienced a prior cardiovascular event. Three independent-samples t tests were also used to examine differences in 3-HPMA levels between the 2 CVD risk categories in the whole population, the subset of nonsmokers as defined by self-report, and the population without CVD.
Results

Demographic Characteristics
There were no significant differences between 3-HPMA tertiles and gender, hypertension, hyperlipidemia, diabetes mellitus, environmental tobacco smoke, myocardial infarction, stroke, heart failure, most medications (except diuretics), age, lymphocyte count, and median household income (Table 2) . Whites were more likely to have higher 3-HPMA levels than blacks and Hispanics (P=0.004). Obese participants had lower 3-HPMA (P=0.015). Smoking was significantly associated with 3-HPMA; high urinary 3-HPMA levels were associated with self-reported smoking (P<0.001) and cotinine levels (P<0.001). Participants with revascularization including CABG, PCI, or stents also had higher urinary 3-HPMA levels (P=0.040). Participants taking diuretics had lower 3-HPMA (P=0.005) ( Table 2 ). When (47) 32 (46) 33 (47) 35 (50) Male 111 (53) 38 (54) 38 (54) 35 (50 (26) 18 (26) 23 (33) 14 (20) 0.243
Obese 118 (58) 45 (66) 44 (63) 29 (43) 0.015
Current smoker (self-reported) 82 (39) 8 (12) 22 (32) 52 (74) <0.001
Never smoked (self-reported) 56 (27) 19 (27) 28 (40) 9 (13) 0.001
Former smoker (self-reported) 71 (34) 42 (61) 20 (28) 9 (13) <0.001
Environmental smoke* 41 (53) 19 (31) 13 (28) 
Smoking and Urinary 3-HPMA Levels
Because urinary 3-HPMA levels were strongly associated with smoking, and tobacco smoke contains high acrolein levels, 24 we examined the relationship between 3-HPMA and smoking in greater detail. We found that the mean cotinine level was significantly higher in self-reported smokers when compared with self-reported nonsmokers ( Figure 1A ). Mean 3-HPMA level was significantly higher in individuals with high (≥200 lg/g creatinine) cotinine than low (<200 lg/g creatinine) cotinine ( Figure 1B) . Mean values of 3-HPMA in individuals with high (n=82, 757.2AE79.4 lg/g creatinine) and low (n=126, 157.3AE17.5 lg/g creatinine) cotinine levels are in good agreement with previously reported values, 24 and suggest that %80% of the 3-HPMA measured in the urine of smokers is derived from acrolein in cigarette smoke. Linear regression analysis indicated that despite wide variation, 3-HPMA levels were significantly and positively related to urinary cotinine in the total population (b=0.260, R 2 =0.432, P<0.001, 95%
CI=0.219 to 0.300) ( Figure 1C ) and in smokers (b=0.510, R 2 =0.476, P<0.001, 95% CI=0.390 to 0.630) ( Figure 1D ).
Circulating Angiogenic Cells
To examine whether acrolein exposure is associated with cardiovascular injury, we measured circulating angiogenic cell levels in peripheral blood. subgroups were negatively associated with 3-HPMA levels (Table 3) . In nonsmokers, cell type-2, cell type-8, and cell type-14 remained inversely associated with 3-HPMA ( 
P<0
.001) were inversely associated with circulating angiogenic cell levels. The persistent association of HMPA with specific circulating angiogenic cell subpopulations, after adjustment for smoking and stratification into nonsmokers, suggests that acrolein from sources other than tobacco smoke also suppresses circulating angiogenic cell levels. Moreover, suppression of cell type-2 and cell type-8 in smokers is likely due to exposure to higher acrolein levels.
Inflammation and Platelet Activation
To estimate in vivo platelet activation, we measured circulating levels of platelet-leukocyte aggregates, which reflect both systemic inflammation and increased platelet activity. The association of platelet-leukocyte aggregates with increased thrombosis and inflammation has been validated in several large clinical trials. 27, 28 In addition, our previous studies show that acrolein inhalation increases platelet-leukocyte aggre- Journal of the American Heart Association gates in mice. 15 After adjustment for ethnicity, smoking status, BMI, hypertension, diuretics, angiotensin-receptor blockers, and CABG/PCI/stents, 3-HPMA levels were positively associated with circulating levels of platelet-leukocyte aggregates, linking acrolein exposure with platelet activation in humans (Figure 2A ). Additionally, we found a positive association between platelet-leukocyte aggregates and cotinine in smokers after adjustment for ethnicity, BMI, hypertension, diuretics, angiotensin-receptor blockers, and CABG/PCI/stents ( Figure 2B ). Next, we measured plasma levels of fibrinogen, a marker of thrombosis, but found no association between 3-HPMA and fibrinogen in this cohort. Urinary 3-HPMA levels were not associated with serum hsCRP, a biomarker of inflammation, 29 in the total population. However, 3-HPMA level was inversely associated with hsCRP in the nonsmoking population (b=À0.002, P=0.023) after adjustment for ethnicity, BMI, hypertension, diuretics, angiotensin-receptor blockers, and CABG/PCI/stents (data not shown). There was also a significant association between fibrinogen and hsCRP levels (b=0.093, P<0.001). No associations were observed between cotinine and hsCRP levels or between cotinine and fibrinogen levels.
Framingham Risk Score
To determine whether acrolein exposure is associated with CVD risk, we stratified the cohort into low (FRS <20) or high (FRS ≥20 or experienced a cardiovascular event) CVD risk A B Figure 2 . Adjusted association between platelet-leukocyte aggregates and 3-hydroxypropylmercapturic acid (3-HPMA) and cotinine. A, Scatterplot of the predicted mean of platelet-leukocyte aggregate levels and mean 3-HPMA levels (log-transformed lg/g creatinine). strata. As shown in Figure 3A , individuals with low risk had significantly lower 3-HPMA levels than those in the high Figure 3C ). Both FRS as well as CVD risk strata were associated with 3-HPMA even after adjustment for ethnicity, alcohol, and BMI. The FRS demonstrated a positive association with 3-HPMA (b=0.011, P<0.001), whereas the low CVD risk category had lower 3-HPMA (b=À0.002, P=0.004).
Discussion
The results of this study demonstrate that elevated urinary 3-HPMA levels are associated with low abundance of specific circulating angiogenic cell subpopulations, increased circulating levels of platelet-leukocyte aggregates, and increased CVD risk. The association between platelet-leukocyte aggregates and HMPA levels persisted even after adjustment for smoking status. Similarly, even though circulating levels of angiogenic cells were suppressed in smokers, the association between 3-HPMA and the angiogenic cell levels was independent of smoking. Taken together, these findings suggest that regardless of its source of exposure, acrolein induces increased CVD risk in conjunction with suppression of circulating angiogenic cells and increased platelet activation.
Acrolein is a reactive aldehyde that is rapidly detoxified by several metabolic pathways. Of these, conjugation with glutathione accounts for 60% to 70% of total acrolein metabolism. 30 The acrolein-glutathione conjugate, after reduction and metabolism via the renal mercapturic acid pathway, is excreted in urine as 3-HPMA. 30 Previous studies have shown that urinary HMPA levels are higher in smokers than in nonsmokers, indicating that smoking is a major source of acrolein exposure in humans. 24 Nevertheless, significant levels of 3-HPMA were also detected in the urine of nonsmokers (at 1/3 the level of smokers), which is consistent with the view that in addition to smoking, there are other significant sources of acrolein exposure, including exposure to traffic, nontobacco smoke or air pollution, consumption of food and beverages, endogenous metabolism, lipid peroxidation, and inflammation. 5 While our study was not designed to assess the contribution of specific sources, our results indicate that acrolein exposure is associated with increased CVD risk regardless of its source. Our results show that general markers of inflammation were not associated with acrolein exposure in smokers. For example, neither hsCRP nor fibrinogen was associated with urinary 3-HPMA (or cotinine) level. Although previous studies have reported positive correlations between smoking and inflammatory markers such as CRP and fibrinogen, 31-34 these associations are weak and not replicated in other studies. 35 Moreover, CRP levels do not decrease after smoking cessation, 35 indicating that changes in CRP levels are not a direct consequence of smoking, but perhaps reflect general nonspecific injury. 36 We speculate that in smokers the association between smoking and inflammatory markers may have been masked by a high CVD disease burden, BMI, and/or age. Nonetheless, the lack of a strong association between 3-HPMA and markers of inflammation suggests that repeated acrolein exposure in smokers does not induce chronic lowgrade inflammation. This view is consistent with previous results showing that in apoE-null mice, chronic acrolein exposure does not increase plasma levels of cytokines such as tumor necrosis factor-a or interleukin (IL)-6, 17 and that in wild-type C57BL/6 mice, exposure to acrolein after lipopolysaccharide challenge suppresses cytokine production. 37 Similarly, acute exposure to tobacco smoke suppresses eosinophils as well several inflammatory cytokines such as tumor necrosis factor-a, IL-6 and IL-2, and IFN-c, although it increases neutrophil and macrophage chemotaxis and activation. 38 Thus, both human and animal data support the hypothesis that high-dose acrolein exposure does not increase systemic inflammation and may even lead to suppression of pro-inflammatory cytokine production. In contrast to CRP, circulating platelet-leukocyte aggregates were significantly associated with acrolein exposure. Previous studies have shown that these aggregates correlate well with other markers of platelet activation, such as Pselectin and CD40L, 39 and in fact represent a more sensitive marker of in vivo platelet activation than platelet surface Pselectin. 40 Levels of platelet-leukocyte aggregates are increased in patients with stable coronary artery disease, 41 and acute coronary syndromes, 42, 43 indicating that these aggregates are sensitive biomarkers of heightened thrombosis. Moreover, it has been shown that the binding of platelets induces IL-1b, IL-8, and MCP-1 in monocytes, 44 and promotes monocyte recruitment to atherosclerotic arteries and accelerates atherosclerotic lesion formation in apoE-null mice. 45 Collectively, these findings indicate that in addition to serving as a biomarker of platelet activation, these aggregates may be significant contributors to the initiation and progression of atherothrombosis. Thus, increased formation of plateletleukocyte aggregates may be a mechanism underlying the pro-atherogenic effects of acrolein observed in animal studies. While in humans this link remains speculative, our previous study showing that exposure to acrolein increases plateletleukocyte aggregate formation in mice 15 supports the biological plausibility of this association in humans. Low circulating levels of circulating angiogenic cells have been shown to predict the occurrence of cardiovascular events and death from cardiovascular causes. 46 Our previous studies have shown that in mice, acrolein suppresses the levels of circulating progenitor cells. 18 Thus, lower levels of circulating angiogenic cells in smokers provide further evidence of increased cardiovascular risk. Previous studies have found that smoking reduces the number of circulating progenitor cells 25, 26 and that low levels of these cells are associated with increased CVD risk 19 and predict CVD events. 46 Smoking cessation is, however, linked with rapid recovery of circulating angiogenic cells. 26 Consistent with this view, our study indicates that levels of several circulating angiogenic cell populations are suppressed in smokers. Specifically, we found a strong negative association between cell type-2, cell type-8, cell type-11, and cell type-14 subgroups with smoking, suggesting that these circulating angiogenic cell populations are particularly sensitive to acrolein exposure. Because cell type-2 and cell type-8 were also negatively associated with HPMA levels in nonsmokers, these results suggest that suppression of these circulating angiogenic cell subpopulations in smokers may be mediated, in part, by acrolein, while the suppression of cell type-4 and cell type-7 may be due to other tobacco smoke constituents. It is significant to point out that suppression of several circulating angiogenic cells in smokers was unrelated to cotinine levels, which might be reflective of the fact that depending upon the cigarette brand and smoking behavior, exposure to acrolein (or other chemicals) can vary independent of cotinine, such that even with similar nicotine delivery, smokers are exposed to varying acrolein levels. Regardless, in a fully adjusted model, the association between 3-HPMA and circulating angiogenic cell levels was found to be independent of cotinine or smoking, reinforcing the idea that acrolein from sources other than tobacco could also suppress circulating angiogenic cell levels. Finally, our analysis of specific circulating angiogenic cell subsets indicates that the CD31 + / CD34 + with or without AC133 are specifically affected by acrolein. Both of these cell types promote re-endothelialization of vascular lesions when transplanted into nude mice 47 and are predictive of cardiovascular events and mortality. 46 While our results suggest a strong association between acrolein exposure and cardiovascular risk, the study has several limitations. Although our sample size is comparatively large for a study measuring circulating angiogenic cells, it is a relatively small in comparison with other studies in the area of CVD and environmental epidemiology. The cross-sectional design of the study is limited in its ability to demonstrate causality; however, exposure to acrolein (through food substances, environmental exposures, and sporadic inflammation and oxidative stress) is episodic and, therefore, the effects of such exposures may be missed in a longitudinal prospective study if the exposure is not maintained throughout the observation period. Hence, the effects of contemporaneous exposure are likely to be more evident in a cross-sectional design, although temporality and directionality may be difficult to establish. Finally, because of the exploratory nature of the study and a high level of correlation between the different angiogenic subpopulations, we did not correct for multiple comparisons. However, the relationship between acrolein exposure and CVD risk was not obtained from a post-hoc analysis of the data, but was examined to test an a priori hypothesis developed on the basis of our previous experimental data showing that direct exposure to acrolein alone decreases the levels of circulating angiogenic cells in mice. 18 Thus, the observed association between acrolein exposure and angiogenic cell levels in humans has strong experimental support and biological plausibility provided by data from animal studies.
To measure acrolein exposure, we quantified urinary levels of 3-HPMA, which is derived from the glutathione conjugate of acrolein or related 3 carbon compounds. While most 3-HPMA is likely to be derived directly from acrolein, it could also be generated by the metabolism of other allylic and aromatic compounds. However, for conversion to 3-HPMA these compounds have to be first converted to acrolein, in which case, the penultimate metabolite will be acrolein itself, regardless of the parent compound (food, toxin, or drug). The most likely 3-carbon pollutant that could directly generate HPMA is propylene oxide, but this compound generates 2-HPMA rather than 3-HPMA. [48] [49] [50] In our measurements, 3-HPMA was much more abundant than 2-HPMA and the two were clearly separated during our gas chromatography-mass spectrometry analysis. Thus, it appears unlikely that propylene oxide is a major source of 3-HPMA measured in this study. Another potential limitation of our study is that only a single urine sample was collected from each individual and therefore, the values obtained may not reflect "total daily exposure." However, it has been shown previously that values of tobacco exposure biomarkers obtained from spot urine correlate well with 24-hour urine collection. 51 Values of HMPA vary with time of day, 51 perhaps due to its short half-life and circadian rhythm of glutathione synthesis, but collections made in our study (mostly during the afternoon) reflect sameday exposure and should be internally correlated with measurements of CVD risk because both blood and urine samples were collected at the same time. In addition, normalizing urinary metabolites by creatinine could be potentially problematic as adjustment for creatinine, while correcting for water dilution, introduces additional variations that relate to the dependence of creatinine excretion on muscle mass, gender, physical activity, diet, and disease. 52 In any case, the relationships between HMPA and circulating angiogenic cells were not significantly affected even when 3-HPMA levels are not normalized to creatinine (data not shown). Additional variability could also arise from individual differences in smoking behavior and metabolism of smoke constituents, which are not accounted for in our study. Finally, the study examined only CVD risk and not CVD per se. As indicated above, prospective evaluation of this relationship in a longitudinal study is difficult because exposure is episodic and sporadic. Nevertheless, the relationship between acrolein exposure and CVD risk is important because extensive studies have shown that FRS 53, 54 and circulating angiogenic cell levels 19 are strongly predictive of cardiovascular events and mortality. The findings of this study have significant public health implications as they indicate that in addition to tobacco smoke, exposure to acrolein-containing pollutants such as automobile exhaust, burn-pits, structural and forest fires could increase CVD risk. Indeed, several studies suggest that occupational exposure of firefighters to smoke is associated with increased CVD risk. 55 Furthermore, if further substantiated, the association between acrolein and CVD risk would suggest that limiting acrolein exposure by regulating its levels in foods or polluting emissions or preventing exposure may decrease CVD prevalence in the general population. Likewise, regulation of the acrolein content in tobacco products could significantly reduce their cardiovascular toxicity. Given the high incidence of premature mortality due to smoking (3.5 million deaths annually worldwide), even marginal reduction in the acrolein content of cigarettes could save a substantial number of lives.
